Binding of Na + to thrombin ensures high activity toward physiological substrates and optimizes the procoagulant and prothrombotic roles of the enzyme in vivo. Under physiological conditions of pH and temperature, the binding affinity of Na + is weak due to large heat capacity and enthalpy changes associated with binding, and the K d =80 mM ensures only 64% saturation of the site at the concentration of Na + in the blood (140 mM). Residues controlling Na + binding and activation have been identified. Yet, attempts to improve the interaction of Na + with thrombin and possibly increase catalytic activity under physiological conditions have so far been unsuccessful. Here we report how replacement of the flexible autolysis loop of human thrombin with the homologous rigid domain of the murine enzyme results in a drastic (up to 10-fold) increase in Na + affinity and a significant improvement in the catalytic activity of the enzyme. Rigidification of the autolysis loop abolishes the heat capacity change associated with Na + binding observed in the wild-type and also increases the stability of thrombin. These findings have general relevance to protein engineering studies of clotting proteases and trypsin-like enzymes.
Introduction
It is a privilege to contribute to this special issue of Biophysical Chemistry celebrating 25 years of the Gibbs Conference on Biothermodynamics. The corresponding author is deeply indebted to his mentors Dr. Stanley J. Gill, one of the founders of the Gibbs Conference, and Dr. Jeffries Wyman who brought the rigor of thermodynamics to the study of biological macromolecules (1) . Through his training and the many interactions with outstanding scientists attending regularly the Gibbs Conference, the author was able to develop an approach to the study of thrombin and related clotting proteases rooted on the principles of linkage thermodynamics.
Thrombin is a trypsin-like protease endowed with important physiological functions that are mediated and regulated by interaction with numerous macromolecular substrates, receptors and inhibitors (2) (3) (4) . Activity of the enzyme toward synthetic and physiological substrates is enhanced allosterically by the binding of Na + to a site located >15 Å away from residues of the catalytic triad H57, D102 and S195 (5, 6) . The effect of Na + is seen on cleavage of fibrinogen and PAR1 (7) (8) (9) , the primary procoagulant and prothrombotic substrates (2, 10, 11) , but also on PAR3 and PAR4 (3, 12) and activation of factors V (13) , VIII (14) and XI (15) that ensure the build-up of coagulation factors responsible for generation of thrombin from prothrombin (16, 17) . Importantly, Na + binding has no effect on protein C activation in the absence or presence of thrombomodulin (8, 9) , which makes Na + an exquisite procoagulant cofactor of thrombin. Several naturally occurring mutations of prothrombin (18) (19) (20) (21) (22) (23) affect residues linked to Na + binding (6) and are associated with bleeding. Furthermore, anticoagulant thrombin mutants have been engineered rationally by perturbing the Na + site (9, (24) (25) (26) (27) (28) (29) . The remarkable success in preclinical studies (27, (30) (31) (32) indicates that such mutants may soon offer viable alternatives to heparin (29, 33, 34) . Hence, advances in our basic knowledge of the thrombin-Na + interaction have a direct bearing on the pro-and anti-coagulant functions of the enzyme, carry clinical relevance and impact on the treatment of thrombotic disorders. Na + binds 16-20 Å away from residues of the catalytic triad (H57, D102, S195) and within 5 Å from D189 in the primary specificity pocket, nestled between the 220-and 186-loops and coordinated octahedrally by the backbone O atoms of R221a and K224 and four buried water molecules anchored to the side chains of D189, D221 and the backbone atoms of G223 and Y184a (5, 6) . The site is highly specific for Na + that binds with significantly (>10-fold) higher affinity compared with Li + , K + or Rb + (35) . Following the discovery of the role of residue 225 in trypsin-like proteases (36), a Na + binding site analogous to the one first identified in thrombin (5) has been documented structurally in factor Xa (37, 38) , factor VIIa (39) and activated protein C (40) . Identification of the Na + binding site of factor IXa remains controversial (41) . Several groups have shown that Na + has a significant effect on the activity of factors VIIa (36, 42) , IXa (43, 44) , Xa (45) (46) (47) (48) (49) (50) (51) and activated protein C (52) (53) (54) (55) (56) . Also, in factors IXa (43) , Xa (45, 46, (48) (49) (50) (51) and activated protein C (52) the binding of Na + influences the primary specificity pocket and is linked to the binding of Ca 2+ to the 70-loop. The physiological role of Na + in these enzymes, however, remains unclear and more studies are necessary to verify that Na + affects only slightly the activity of the prothrombinase complex (45) , has a small (43) or negligible (44) effect on the intrinsic Xase complex and no effect on the extrinsic Xase complex (44) . Na + binding to thrombin has been studied in great detail in terms of mutagenesis (6, 35, (57) (58) (59) , structure (6), kinetics (57, 60, 61) and functional components (3, 62, 63) . Recent studies of rapid and ultra-rapid kinetics (60, 61) have revealed the precise mechanism of Na + binding to thrombin and uncovered a basic property of the trypsin fold. Na + binding to thrombin gives rise to two kinetic phases: one fast (in the μs time scale) due to Na + binding to the low activity form E to produce the high activity form E:Na + (60, 61) , and a second phase considerably slower (in the ms time scale) that reflects a pre-equilibrium between E and the inactive form E* according to the kinetic scheme (3, 57, 60) The Na + -free form of thrombin, originally defined as the "slow" form (63) , is a mixture of E* and E that interconvert with kinetic rate constants k r and k −r . Of these forms, E interacts with Na + with a rate constant k A to populate the Na + -bound form E:Na + , originally defined as the "fast" form (63) , that may dissociate into the parent components with a rate constant k −A . The E*-E-E:Na + equilibria also exist in other Na + -activated enzymes like meizothrombin desF1 (64, 65) , activated protein C and factor Xa (66) . Several crystal structures of free thrombin have documented the E* form with the Na + site and active site blocked (28, 57, 67, 68) , and the E form with the active site fully accessible to substrate (6, 69, 70) . Under physiological conditions, the E:Na + form is about 60% of the total and thrombin is almost fully optimized for activity toward fibrinogen and PAR1. When Na + is removed from the buffer, thrombin partitions almost equally between E* and E, thereby reducing its activity from high (E:Na + ) to low (E). However, any effect that stabilizes E* over E has the potential to completely abrogate activity. This could explain the bleeding phenotype observed in several mutations of prothrombin (18) (19) (20) (21) (22) (23) and the mechanism of action of anticoagulant thrombin mutants (28, 71) . If the mutation stabilizes the E* form, activity toward substrate becomes vanishingly small. On the other hand, stabilization of E:Na + affords the opposite effect and brings about an increase in catalytic activity. Although evidence of stabilization of E* by specific mutations is now overwhelming (28, 57, 67, 68) , no mutation has been reported so far that stabilizes E:Na + by increasing the affinity of Na + binding. One such mutant is reported here for the first time.
Materials and Methods
A human thrombin chimera was constructed, expressed and purified to homogeneity as described (6, 9, 35) using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA) in a HPC4-modified pNUT expression vector containing the human prethrombin-1 gene. The chimera had the autolysis loop of human thrombin 145 KETWTANVGKG 150 replaced by the analogous sequence 145 RETWTTNINEI 150 in the murine enzyme (six replacements total).
Limited proteolysis of thrombin wild-type and chimera (100 μl, 0.2 mg/ml) was carried out with chymotrypsin for 120 min at 25 °C at a protease:substrate ratio of 1:150 (w/w) using 20 mM Tris, pH 7.4, containing 0.2 M choline chloride (ChCl) or NaCl. Samples taken at different time intervals were mixed immediately with reducing SDS-loading buffer and heated for 3 min at 100 °C. SDS electrophoresis was performed with a 4-12% gradient gel (Invitrogen, CA) and proteins were stained with Coomassie Brilliant Blue R-250.
Urea-mediated denaturation experiments were carried out at 25±0.1 °C, pH 8.0, in the presence of 0.2 M chloride salts as described (72) . After 2 hr incubation at the specified urea concentration, protein samples (2 ml, 50 nM) were excited at 280 nm and the fluorescence intensity was recorded at 341 nm. At each urea concentration, the fluorescence signal was adjusted for the corresponding baseline. Data were analysed within the framework a twostate process according to the expression 
, and hydrolysis of the physiological substrates fibrinogen, PAR1 and protein C in the presence of 100 nM thrombomodulin and 5 mM CaCl 2 were determined as detailed elsewhere (9, 73, 74) . Experimental conditions for the studies on chromogenic and physiological substrates were 10 mM Bis-Tris Propane, 0.1% PEG8000, pH 7.4 at 37 °C, in the presence of 145 mM NaCl or ChCl.
Equilibrium dissociation constants for Na + binding were determined by fluorescence titration under condition of 10 mM Bis-Tris Propane, 0.1% PEG8000, pH 7.4, 600 mM ionic strength in the temperature range 2-37 °C as detailed elsewhere (75, 76) . The temperature dependence of the apparent Na + binding constant, K app , was used to derive the thermodynamic parameters associated with the process according to the equation
where ΔH 0 and ΔS 0 are the enthalpy and entropy changes due to Na + binding at the reference temperature T 0 =298.15K, ΔC p is the heat-capacity change, R the gas constant and T the absolute temperature. The van't Hoff plot of -lnK app vs 1/T is linear when ΔC p =0 and curves upward when ΔC p <0. Stopped-flow measurements were carried out with an Applied Photophysics SX20 spectrometer, with excitation at 280 nm and cutoff filter at 305 nm as described (60, 66) . Samples of the protein at a final concentration of 100 nM in a buffer 50 mM Tris, 0.1% PEG8000, pH 8.0 at 15 °C were mixed with an equal volume (60 μl) of buffer containing variable amounts of NaCl. The kinetic traces were analyzed using Scheme 1 with the k obs of the single exponential slow phase due to the E*-E interconversion obeying the expression (60, 66)
where K A is the intrinsic Na + affinity related to the apparent binding constant K app by the expression Kapp=K A /(1+r), where r=k −r /k r =[E*]/[E] is the equilibrium constant for the E*-E interconversion.
Crystallization was achieved at 22 °C using the hanging drop vapor diffusion method, with each reservoir containing 500 μl of solution. Equal volumes (2.5 μl) of the protein sample (8 mg/ml) in 20 mM Tris, 50 mM ChCl, pH 7.4 and reservoir solution (see Table 1 ) were mixed to prepare the hanging drops. Diffraction quality crystals grew in two weeks and were frozen using 25% glycerol as cryoprotectant at 100 °K. X-ray diffraction data were collected to 1.75 Å on a Quantum 315 CCD detector at Beamline 14BMC at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL) and were indexed, integrated and scaled with the HKL2000 software package (77) . The structure was solved by molecular replacement using MOLREP from the CCP4 suite (78) and PDB accession code 1SHH as a search model. Refinement and electron density generation were performed with REFMAC (79) from the CCP4 suite and 5% of the reflections were randomly selected as a test set for cross-validation. Model building was performed in COOT (80) . In the final stage of refinement, TLS tensors modeling rigid-body anisotropic temperature factors were calculated and applied to the model. Ramachandran plots were calculated using PROCHECK (81) . Statistics for data collection and refinement are summarized in Table 1 . Atomic coordinates and structure factors have been deposited in Protein Data Bank (PDB ID 3R3G).
Results
The autolysis loop of thrombin encompasses the sequence 145 KETWTANVGKG 150 and is strategically located between the Na + binding site and exosite 1. The loop features a five residue insertion relative to trypsin and chymotrypsin, i.e., 149a ANVGK 149e , and is conserved only in length but not in sequence in thrombins from different species (9) . The role of this loop has long remained puzzling because its conformation is highly disordered in existing crystal structures and influenced by packing conditions. However, evidence exists that binding of ligands to exosite I or to the Na + site order and rigidify the loop (82, 83) and generate a more active enzyme, whereas deletion of the entire segment 146 ETWTANVGK 149e turns thrombin into an anticoagulant (84) by stabilizing the E* form (85) . Crystallographic data show that the autolysis loop is important in the recognition of PAR4 (86) . Hence, the autolysis loop may play a key role in thrombin function, in contrast to the high degree of disorder documented by crystal structures.
The autolysis loop sequence differs between human and murine thrombin in six amino acid positions. Two substitutions, K145R and V149cI, are conservative. The A149aT substitution introduces a methyl group and a potential H-bond donor. The replacement of 149d GKG 150 with 149d NEI 150 inverts the charge ratio of the polypeptide sequence from +1 to −1 and reduces the accessible conformational space. Interest in the murine autolysis loop sequence 145 RETWTTNINEI 150 comes from the peculiar functional properties of murine thrombin that lacks Na + activation, but retains high catalytic activity toward physiologic substrates because it is locked in the E:Na + form (87, 88) . The Na + activation mimicry is largely due to the D222K substitution (87) and provides a relevant comparison to actin, that folds similarly to the K + -activated enzyme Hsc70 (89) but uses K18 to replace K + in the interaction with the Pα and Pβ of ADP. The side chain of K222 in murine thrombin seals the entrance to the Na + site (88) , abrogates sensitivity to monovalent cations (87) and generates an environment within the primary specificity pocket that is optimized for substrate binding. However, the inverse substitution D222K in human thrombin abolishes Na + activation but does not confer the construct a high catalytic activity comparable to that of the murine enzyme. We therefore turned our attention to the autolysis loop adjacent to the Na + site in the hope that it would hold some of the peculiar properties featured by murine thrombin.
Stability studies reveal an unanticipated feature of murine thrombin that is partially recapitulated by the chimera (Figure 1) . Murine thrombin shows a significantly higher stability compared to the human enzyme and the chimera fits in between human and murine wild-type enzymes. Stability of the chimera resembles that of the Na + -bound form of human thrombin in the absence of Na + , but is similar to that of murine thrombin in the presence of Na + . Hence, grafting the autolysis loop of murine thrombin into the human enzymes confers increased stability. The effect is dependent on Na + , as seen in the human enzyme and in contrast to murine thrombin, thereby indicating that the chimera retains Na + binding. Indeed, under phsyiological conditions of pH and temperature, the catalytic activity of the chimera toward chromogenic substrates measured as k cat /K m shows a two-fold enhancement relative to wild-type in the presence of Na + and an even larger effect in the absence of Na + (Table  2 ). In the case of physiological substrates, fibrinogen, PAR1, PAR3 and PAR4 are cleaved up to 6-fold better by the chimera in the absence of Na + but activity is slightly lower in the presence of Na + . Binding of DAPA to the active site reveals similar signatures in the equilibrium components of ligand recognition (Figure 2) . DAPA binds to the chimera with an affinity almost 2-fold higher than wild-type in the presence of Na + , but amost 6-fold higher in the absence of Na + . These observations underscore the important role of the autolysis loop in direct substrate recognition (84) and support the conclusion that the loop assumes a different conformation upon Na + binding in the wild-type but is more rigid in the chimera. As a result, access to the active site in the chimera appears to be facilitated, especially in the absence of Na + .
A direct analysis of Na + binding by rapid kinetics reveals a significantly higher Na + affinity for the chimera compared to wild-type (K A =350 vs 160 M −1 ) (Figure 3 ). The amplitude of the slow phase of fluorescence change decreases, vouching for a reduced contribution of the E*-E interconversion in the chimera. The k obs associated with this phase decreases hyperbolically with [Na + ], consistent with the mechanism in Scheme 1, and the asymptotic values are significantly lower than those of wild-type. Best-fit values of k r and k −r derived from analysis of k obs according to eq 3 yield r=k −r /k r =[E*]/[E]=0.60, which is significantly smaller than the value of 0.92 found in the wild-type. Under the experimental conditions of these rapid kinetic measurements, the population of the E form in the chimera is almost twice as large than that of the E* form, whereas in the wild-type E* and E are almost equally populated. Grafting the autolysis loop of murine thrombin into the human enzyme shifts the E*-E equilibrium in favor of E and increases the intrinsic Na + affinity. This observation prompted a more systematic analysis of Na + binding.
In the case of wild-type, Na + elicits an increase in fluorescence quantum yield of 10-15% (63, (90) (91) (92) and a large negative ΔC p (75, 93) of −860±60 cal/mol/K under physiological conditions (Figure 4 ). All nine Trp residues of thrombin are conserved in the chimera, yet the fluorescence baseline signal in ChCl is 5% higher relative to wild-type, suggesting that some fluorophores experience a more hydrophobic environment. Accordingly, binding of Na + to the chimera produces only 5-6% enhancement of intrinsic fluorescence. Remarkably, under all experimental conditions tested, the Na + binding affinity of the chimera is up to 10-fold higher than that of wild-type. At physiological temperature and I=600 mM, the K d for Na + binding is 109 mM for wild-type but only 20 mM for the chimera (Figure 4) . The van't Hoff plot for Na + binding to wild-type shows the expected curvature indicative of a linked negative ΔC p , but is linear for the chimera over the entire temperature range from 2 to 37°C
. The chimera also shows lower dependence of Na + binding on ionic strength as compared to wild-type ( Figure 4 ). An important consequence of the higher Na + affinity of the chimera is revealed by the effect of [Na + ] on the hydrolysis of fibrinogen under physiological conditions of pH, temperature and ionic strength ( Figure 5 ). In the case of wild-type, Na + increases drastically the k cat /K m for release of fibrinopeptide A from fibrinogen but the physiological [Na + ]=140 mM is not sufficient to saturate the effect. In the case of the chimera, on the other hand, saturation is achieved around [Na + ]=60 mM. In both enzymes, Na + has no effect on the hydrolysis of protein C in the presence of Ca 2+ and thrombomodulin.
The functional data on the chimera strongly suggest that the autolysis loop is a dominant factor controlling the energetics of Na + binding to thrombin and also influences the catalytic activity of the enzyme. However, the molecular origin of these effects remains elusive and cannot be anticipated from the difference in sequence between the human and murine loops. The structure of the chimera was therefore solved and crystals were obtained at high resolution (1.75 Å) in the presence of Na + . The structure is very similar (rmsd=0.422 Å) to the E:Na + form of thrombin (6) (Figure 6 ). The catalytic triad is oriented for optimal activity and the specificity sites S1, S2 and S3 are widely accessible to substrate. The 186-and 220-loops defining the Na + binding site are in the optimal conformation for Na + coordination and the cation is octahedrally bound to four water molecules and the carbonyl O atoms of K224 and R221a as in the wild-type (5). Because crystals were grown for an active enzyme in the absence of any inhibitors, exosite I is cleaved at R77a and the entire segment 73-77 is missing in the electron density map. Perturbation of exosite I induces a flip in the orientation of W141, as seen in the murine enzyme (94) . Notably, the autolysis loop in the chimera is well defined in its entirety. The murine sequence 145-150 introduced in the human enzyme is readily traced in the electron density map (Figure 6 ) vouching for a more rigid and locked conformation. I149c packs against W148 and stabilizes the indole ring in a way that would not be possible with the Val residue carried at this position by the human enzyme. The hydrophobic interaction is further stabilized by the side chain of I150 that replaces G150 in the human enzyme and penetrates deeply into the loop. The Oδ1 atom of N149d H-bonds to the Nδ2 atom of N149b forcing the backbone to assume a small helix turn. An ion pair between R145 and E18 anchors the N-terminus of the B chain and fixes the geometry of the loop, as previously seen in the murine but not the human enzyme. Altogether, these contacts vouch for increased rigidity of the autolysis loop in the chimera relative to wild-type. Support to this conclusion comes from studies of limited proteolysis that is ideally suited to detect differences in protein flexibility in solution (83, 95) . Under the assay conditions used in this study, digestion of thrombin by chymotrypsin mainly takes place at the C-terminal of W148, located right in the middle of the autolysis loop. Figure 7 shows the time course of the proteolytic reaction monitored by SDS-PAGE. Under reducing conditions, thrombin migrates as heavy chain and light chain, with molecular weights of ~30 and 4 kDa, respectively. After 40 min, more than 80% of the heavy chain of wild-type is cleaved by chymotrypsin but the heavy chain of the chimera appears significantly resistant.
Discussion
The effect of Na + on thrombin can be summarized in terms of three important components. First, Na + increases the catalytic activity of the enzyme toward synthetic and physiological substrates, with the exception of the anticoagulant protein C (8, 9) . Second, Na + binding obeys a two-step mechanism consistent with a pre-existing equilibrium between the inactive form E* and low activity form E, followed by selective binding to E to generate the high activity form E:Na + (60) . Third, the affinity of Na + is strongly temperature dependent, with a large heat capacity change and enthalpy that cause the K d to become comparable to the [Na + ] in the blood under physiological conditions (35, 93) . The results presented here show, for the first time, that the Na + affinity of thrombin can be enhanced by site-directed mutagenesis and offer new insights into the molecular determinants that control Na + binding and catalytic activity of the enzyme. Replacement of the highly flexible autolysis loop of human thrombin with the homologus region of murine thrombin produces a chimera with an affinity toward Na + up to 10-fold higher than wild-type. Because murine thrombin is constitutively stabilized in the E:Na + form (87, 88) , the chimera affords an important intermediate along the pathway that converts Na + activation in the human enzyme into constitutive activation in the murine enzyme. The D222K substitution is a key component of Na + mimicry and provides an effective replacement of the bound cation in murine thrombin (87, 88) . The autolysis loop bears a total of six substitutions between human and murine enzymes and reveals additional important features. In the crystal structure of the chimera, the loop assumes a highly ordered conformation stabilized by hydrophobic interactions between I149c and W148. As a result of the enhanced rigidity of the loop, the Na + affinity is enhanced and so is thermodynamic stability. In addition, Na + binding is no longer linked to a large heat capacity change. All these functional features of the chimera lead us to conclude that the autolysis loop of thrombin controls, through its intrinsic flexibility, the affinity toward Na + , the associated heat capacity change and thermodynamic stability of the enzyme. At the molecular level, this effect is achieved by stabilizing the active E form relative to the inactive E* form and converting E more efficiently to the E:Na + form.
The observation that the Na + binding site of thrombin is under the influence of the neighbor autolysis loop is intriguing. The thermodynamic origin of the increased Na + affinity in the chimera is entirely entropic because under physiological conditions the enthalpy of binding is actually more favorable in the wild-type (Figure 4) . Hence, Na + binding to thrombin can be optimized by ordering the autolysis loop that contributes a large entropy loss in the wildtype because of its intrinsic flexibility. This entropy change offsets the large and favorable enthalpy change provided by the coordination shell of Na + and together the thermodynamic components of binding result in a modest affinity under physiological conditions that is not sufficient to saturate the site. Rigidification of the autolysis loop also enhances stability and makes human thrombin more similar to the murine enzyme, which is surprisingly more stable. These findings provide an important first step in the design of thrombin variants with improved catalytic activity in vivo. They also add considerably to our understanding of the molecular determinants of thrombin function in ways that benefit future engineering studies of clotting enzymes activated by monovalent cations (96, 97) . The value of [urea] 1/2 necessary to unfold 50% of the enzyme in ChCl is plotted vs the analogous value in NaCl. The stabilizing effect of Na + on wild-type and chimera is evident from the plot, and so is the much higher stability of murine thrombin compared to the human enzyme and its lack of response to Na + . The values for chymotrypsin and trypsin are also shown for comparison. In both cases, Na + binding obeys a two-step mechanism, with a fast-phase completed within the dead time (< 0.5 ms) of the spectrometer, followed by a single-exponential slow phase. Thrombin wild-type (A) or chimera (B) were incubated with chymotrypsin using an ezyme:substrate ratio of 1:150 (w/w) under experimental conditions of 20 mM Tris, 200 mM ChCl, pH 7.4. Samples were taken at 0, 5, 10, 20, 40, 60 and 120 min and loaded into a 4-12% gradient gel under reducing conditions. HC is the heavy chain, F1 and F2 are the cleavage products generated by chymotrypsin, encompassing the sequence 36-148 (17 kDa) and 149-259 (10 kDa), respectively. F3* is a secondary product of the reaction that is further proteolyzed by chymotrypsin as a function of time. 
Ramachandran plot:
Most favored(%) 99.6
Generously allowed (%) 0.4
Disallowed (%) 0.0 a Root-mean-squared deviation (Rmsd) from ideal bond lengths and angles and Rmsd in B-factors of bonded atoms.
b mm, main chain-main chain; ms, main chain-side chain; ss, side chain-side chain.
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